We report the changes in the concentrations and "I0 contents of extracellular CO2 and HCO3-in suspensions of Synechococcus sp. (UTEX 2380) using membrane inlet mass spectrometry. This marine cyanobacterium is known to have an active uptake mechanism for inorganic carbon. Measuring iS0 exchange between CO2 and water, we have found the intracellular carbonic anhydrase activity to be equivalent to 20 times the uncatalyzed CO2 hydration rate in different samples of cells that were grown on bubbled air (low-CO2 conditions). This activity was only weakly inhibited by ethoxzolamide with an Iso near 7 to 10 micromolar in lysed cell suspensions. We have shown that even with COr starved cells there is considerable generation of CO2 from intracellular stores, a factor that can cause errors in measurement of net CO2 uptake unless accounted for. It was demonstrated that use of`C-labeled inorganic carbon outside the cell can correct for such errors in mass spectrometric measurement. Oxygen-18 depletion experiments show that in the light, CO2 readily passes across the cell membrane to the sites of intracellular carbonic anhydrase. Although (13). In suspensions of cells that contain carbonic anhydrase, depletion of 180 from species of extracellular inorganic carbon reflects the rate of access of the inorganic carbon across the cell membrane to the sites of carbonic anhydrase and the activity of this enzyme in the cells. This method was first used quantitatively by Gerster (4), and subsequently several studies have used the method on red cells and algae (2, 14, 18) .
ganic carbon outside the cell can correct for such errors in mass spectrometric measurement. Oxygen-18 depletion experiments show that in the light, CO2 readily passes across the cell membrane to the sites of intracellular carbonic anhydrase. Although HC03-was readily taken up by the cells, these experiments shown that there is no significant efflux of HCO3-from Synechococcus.
We report the changes in the concentrations and '80 contents ofextracellular CO2 and HCO3 in suspensions of Synechococcus sp. (UTEX 2380). Our goals are to extend our work on Chlorella (18) using membrane-inlet mass spectrometry to cells with active uptake mechanisms for inorganic carbon and to apply some new techniques to this problem. This work complements that of Badger et al. (2) who have reported 180 depletion from CO2 in suspensions of Synechococcus using membrane-inlet mass spectrometry. We extend that work by measuring also '80 depletion from extracellular HC03-and 180 depletion from '3C-containing inorganic carbon to show the potential errors that can arise from neglect ofCO2 generated from intracellular stores. We also report '80 depletion in the presence of iodoacetamide, an inhibitor of CO2 fixation.
The exchange of 180 between CO2 and water is caused by the hydration-dehydration cycle, and was first described by Mills and Urey (10): C'O080O + H2160 = HC'80'80'60 + H+ C180'60 + H2180
The H2'80 produced is so greatly diluted by H2160 that the back reaction is negligible and the 180 depletion from inorganic carbon is considered irreversible. Since carbonic anhydrase catalyzes the above reaction, it also catalyzes the depletion of '80 from CO2 ' Supported by a grant from the National Science Foundation (PCM-8318753). (13) . In suspensions of cells that contain carbonic anhydrase, depletion of 180 from species of extracellular inorganic carbon reflects the rate of access of the inorganic carbon across the cell membrane to the sites of carbonic anhydrase and the activity of this enzyme in the cells. This method was first used quantitatively by Gerster (4) , and subsequently several studies have used the method on red cells and algae (2, 14, 18) .
It is known that cyanobacteria similar to Synechococcus have an active uptake mechanism for inorganic carbon (7, 9) which functions in the transport of either CO2 or HCO3 (1) , although at the pH of seawater, about 8.2, the uptake of HCO3 predominates. The mechanism of this active transport is uncertain, but it is suggested to function like an electrogenic pump (8) . Low levels of carbonic anhydrase have been detected in certain of these cyanobacteria (2, 6, 17) although the function of this enzyme in the accumulation of inorganic carbon has not been determined. In . Cells were grown with bubbled air (low CO2 conditions) and then suspended (packed cell volume 3.3%) in a solution in the membrane inlet vessel; the solution was sea water with minor elements containing also 15 mM Tricine and 20 mm phosphate buffers at pH 7.9 (except the experiments measuring total inorganic carbon in the top figure which were performed at pH 7.5). The total concentration of all species of CO2 was 2.0 mm with 70% 13C content. Measurements were made at 25°C. The arrows indicate the addition of cells to the inlet vessel and the duration of red light of intensity 400 ME m2 s-'.
absence of light, the cells did not take up CO2 to an extent that could be measured by our membrane inlet mass spectrometer. This was true both before and after illumination (Figs. 1 and 2). To determine the rate of uptake of CO2 and to distinguish this process from CO2 generated within the cells, we placed in solution CO2 and HCO3 that were highly enriched in carbon-13 (up to 99% 13C). The natural abundance of 13C iS 1.1% and the cells had not been exposed to enriched 13C before the experiment. Then we know that the decrease in concentration of 13C02 outside the cells is not significantly altered by efflux of 12C02 from the intracellular pools. That this procedure is useful is demonstrated in Figure 1 which shows the increase in 12C02 upon illumination. This increase must be due to release of '2CO2 from internal pools of organic intermediates in the cells, in a light induced process. This 13C labeling is a necessary procedure when kinetic information is to be obtained from measurements of changes in CO2 concentration. Plant Physiol. Vol. 85, 1987 The change in extracellular 3CO2 concentration upon turning on the light was observed to be triphasic (Fig. 1) . Upon turning off the light, there was an increase in extracellular 13C02 concentration to a value less than the initial concentration reflecting net carbon uptake and fixation.
The uptake of '3C02 under slightly different conditions and without preillumination is shown in Figure 2 . In a separate experiment under similar conditions, we also measured the concentration of HC03 outside the cells not by mass spectrometry but by 14C uptake, the data for which are also shown in Figure   2 . These data demonstrate the uptake upon illumination of both C02 and HCO3 . The bottom part of Figure 2 shows the change in the 180 atom fraction of 13CO2 and H'3C03-during the experiment. Before illumination, there was no appreciable difference between the 180 contents of '3C02 and H'3C03-, as predicted for these two species in chemical equilibrium (10 To demonstrate further the chemical equilibrium between C02 and HC03 outside the cells and the 180 disequilibrium in these two species, we include the results in Figure 3 . This experiment is similar to that of Figure 2 except that bovine red cell carbonic anhydrase (1.4 ,ug/ml) was added to the suspension at the time indicated by the arrow. The presence of this enzyme in the extracellular solution causes the rapid attainment of isotopic equilibrium between C02 and'80-labeled HC03 outside the cell by catalyzing the conversion of HCOO180-into CO'80. The increase in 180 contentof C02 upon adding this enzyme is another manifestation of the higher 180 content of HC03 relative to CO2 at the time of addition of enzyme. The 180 content of C02 outside the cell is low because C02 has rapid access to intracellular carbonic anhydrase.
In a tightly coupled light-dependent system, intracellular HC03-would be converted to C02 and get fixed directly into organic carbon before C02 can pass out of the cell. If this occurs, the mass spectral data on '80 contentof C02 outside the cell would not be able to detect the activity of carbonic anhydrase. To overcome this handicap, we repeated experiments using solutions containing 4 mm iodoacetamide. This alkylating agent is known to inhibit C02 fixation (11) was blocked and after about a minute of illumination '3C02 generated from intracellular bicarbonate passed out of the cell into the medium as evidenced by the appearance of13C02 in concentrations above the equilibrium value (Fig. 4) . This is evident upon adding carbonic anhydrase to the external fluid which causes a sudden decrease in extracellular ['3CO2]. The change in 180 contentof C02 is qualitatively similar to that of Figure 3 , showing that the C02 passing out of the cell has an 180 content below that of extracellular HCO3 .
Evidence from previous work suggests a large pool of inorganic carbon to be present in Synechococcus and other cyanobacteria.
Carbon-l 3 added externally might be exchanged in the dark and diluted with unlabeled carbon. To check this possibility, we followed the uptake and efflux kinetics of low concentrations of H'4C03-(0.35 mM) using cells with a depleted inorganic carbon pool, suspended in medium of pH 8.2 where 99% of the carbon is present as bicarbonate (Fig. 5 ). Initially the sample was also kept on ice in the dark, conditions in which cell membranes are in a deenergized state and incapable of energy-dependent ion uptake. Initially H'4C03-was added and the first sample taken.
Upon warming to room temperature a small, but repeatable amount of bicarbonate was taken up, corresponding to a dark pool increase to 2 mm inorganic carbon, and 7 mm in the light under our conditions. During the following 8 min in the dark, there was no measurable uptake of bicarbonate from the medium. Upon switching the light on, the uptakeof '4C' was observed. After the light was switched off, an initial small increase of 14C label was observed in the external solution, possibly the diffusion of CO2 back into the medium. This is clarified by the data in Figure 1 which show the increase in external CO2 after the light is turned off. The new level of 14C is the result of HC03-uptake as well as CO2 fixation in the light period. These kinetics suggest that bicarbonate is usually not taken up in the dark; its retention in internal pools is the subject of further study in this laboratory. The 180 exchange experiments showed clear evidence of a small carbonic anhydrase activity in suspensions of lysed, low-CO2 grown Synechococcus, an activity that could be inhibited by the sulfonamide ethoxzolamide with an 150 in the range 7 to 10 ,M (Fig. 6 ). This activity is equivalent, upon multiplying by the dilution factor, to a carbonic anhydrase activity in the cell which is 20 times the uncatalyzed activity of the hydration of CO2. The Figure 1 shows this effect, demonstrating the generation of '2CO2 in the light from intracellular sources. The inorganic carbon in the external solution was 85% 13C at the beginning of the experiment. The three phases in the change in the concentration of CO2 can be attributed to: first, the initial flux of inorganic carbon into the starved cells upon turning on the light; second, a short period of net CO2 efflux caused by the dehydration in the cells of accumulated HCO3-; and third, a decline in extracellular CO2 concentration resulting from the net fixation of CO2. It is in the third phase that the difference in -rate Plant Physiol. Vol. 85, 1987 C02, especially initially when the cell has not accumulated appreciable '3C-containing species. The rates of these two changes in concentration differ by nearly a factor ofthree, which approximates the error in rate of CO2 uptake that would accrue if extracellular [CO2] were measured without accounting for the CO2 generated intracellularly.
Another technique that adds to interpretation is to measure the '80 content of H'3C03 outside the cells. This has the advantage of showing the difference in 18Q content of extracellular CO2 and HCO3 , a difference that arises because ofdifferent rates of permeability ofCO2 and HCO3 into and out ofthe cells.
Inside the cells, the catalyzed hydration-dehydration cycle occurs and 18' loss to H20 is rapid. In Figure 2 , the more rapid loss of 180 from CO2 than from HCO3 means that the process 'influx-180 depletion-efflux' is faster for CO2 than for HCO3-. Figure 2 shows 180 depletion from extracellular 13C02 and H'3CO3 in suspensions of Synechococcus sp. We comment first on the region of data taken in the dark. In this region of the exchange, we observed a rate of depletion of '80 from '3C02 which was indistinguishable from the uncatalyzed rate even through Synechococcus cells were present in suspension. One firm conclusion from this result is that there is no detectable and active carbonic anhydrase on the outer surface of this Synechococcus. This is of further interest because we know from other experiments that carbonic anhydrase is present in the cells at a measurable activity and that CO2 is rapidly accessible to this intracellular enzyme. Our interpretation is based on the knowledge that the Synechococcus cells we used had been grown in low-CO2 conditions and starved for inorganic carbon. Upon the start of our experiment, these cells were placed in a suspension of 2 mm total inorganic carbon. One possible reason that no enhanced 180 depletion is observed in the dark is that CO2 taken up by the cell is converted to HCO3 and retained; perhaps as part of the internal inorganic carbon pool, and does not efflux from the cell. This uptake would have to be slower than the uncatalyzed generation of CO2 from HCO3 outside the cells since we do not see any change in total CO2 concentration in the dark outside the cells (Figs. 1 and 2) .
A region of large changes in 180 content and concentration of CO2 followed the irradiation of the inlet vessel with red light at 400 yE m 2 s-' (Figs. 1 and 2 ). These were also reported by Badger et aL (2) and our results do not differ qualitatively with theirs. We observed the influx of both CO2 and HCO3 into the cells upon turning on the light, an uptake which was rapid on the rather slow time scale of these experiments (Fig. 2, top) . About 30 s after illumination, there was a rapid depletion of 180 from '3C02 outside the cells with a rate constant of 8.4 x 10-3 sec-', but the '80 content of H'3C03-outside the cells changed very slowly (Fig. 2, bottom) . We believe, and support with later experiments using iodoacetamide (Fig. 4) (Fig. 6) . The rate constant we observed for 180 depletion from 13C02 in suspensions of whole cells upon turning on the light is consistent with our results using lysed cells which indicated a catalyzed CO2 hydration activity in the cells of 20 times the uncatalyzed hydration rate. This is substantially lower than the 290-and 350-fold intracellular increase in CO2 hydration rates for low-CO2 grown cells reported by Badger et al. (2) and is possibly due to differences in the strains of Synechococcus used or in growth conditions. Badger et al. (2) were not able to observe inhibition of photosynthetic 02 evolution by the sulfonamide inhibitor of carbonic anhydrase ethoxzolamide (up to 100 gM) using whole cell suspensions. This may be due to slow entry of the inhibitor into the cells or due to the carbonic anhydrase catalysis not being a ratecontributing step in the 180 depletion and hence requiring nearly complete inhibition to observe a change in 180 depletion rates.
In our lysed cell experiments, we observed a high I5o for inhibition of Synechococcus carbonic anhydrase by ethoxzolamide (7) (8) (9) (10) ,gM), suggesting that very high concentrations of this inhibitor would be required for near complete inhibition of carbonic anhydrase inside the cell.
The pattern of 180 depletion we have observed upon turning on the light is quite similar to that for Chlorella vulgaris (18) .
The 180 content of CO2 falls almost immediately below that of HCO3-, and the 180 content of HCO3 is altered only slightly (Fig. 2, bottom) . This means that the 180 labeled CO2 outside the cell is being diluted significantly by unlabeled CO2 passing out of the cell. On the other hand, this is not so for HCO3 . We know that HCO3 is taken by up cyanobacteria (1, 7, 9) but our results show that there is hardly any efflux of unlabeled HCO3 out ofthe cell (none in the dark) to dilute that in the surrounding solution. Moreover, we have consistently observed that '80 depletion of CO2 outside the cells begins about 30 s after the net influx of CO2 begins (Fig. 2) . This must mean that the cells, formerly starved for inorganic carbon, spend this time accumulating CO2 and HCO3 before there is considerable efflux of CO2 from the cells. This is demonstrated most clearly in the experiments in which we added iodoacetamide (Fig. 4) (Fig. 4, top) (Fig. 3) indicates the release of CO2 by some photorespiratory process that is inhibited by iodoacetamide, as shown in Figure 4 .
After turning the light off, we observed a return to equilibrium conditions (Fig. 2) 
